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ABSTRACT
NETWORK-AWARE VIRTUAL MACHINE
PLACEMENT IN CLOUD DATA CENTERS WITH
MULTIPLE TRAFFIC-INTENSIVE COMPONENTS
Amir Rahimzadeh Ilkhechi
M.S. in Computer Engineering
Supervisors: Assoc. Prof. Dr. I˙brahim Ko¨rpeog˘lu and Prof. Dr. O¨zgu¨r Ulusoy
July, 2014
Following a shift from computing as a purchasable product to computing
as a deliverable service to the consumers over the Internet, Cloud Computing
emerged as a novel paradigm with an unprecedented success in turning
utility computing into a reality. Like any emerging technology, with its
advent, Cloud Computing also brought new challenges to be addressed. This
work studies network and traffic aware virtual machine (VM) placement in
Cloud Computing infrastructures from a provider perspective, where certain
infrastructure components have a predisposition to be the sinks or sources of
a large number of intensive-traffic flows initiated or targeted by VMs. In the
scenarios of interest, the performance of VMs are strictly dependent on the
infrastructure’s ability to meet their intensive traffic demands. We first introduce
and attempt to maximize the total value of a metric named “satisfaction” that
reflects the performance of a VM when placed on a particular physical machine
(PM). The problem is NP-hard and there is no polynomial time algorithm that
yields an optimal solution. Therefore we introduce several off-line heuristics-based
algorithms that yield nearly optimal solutions given the communication pattern
and flow demand profiles of VMs. We evaluate and compare the performance of
our proposed algorithms via extensive simulation experiments.
Keywords: Cloud Computing, Virtual Machine Placement, Sink Node,
Predictable Flow, Network Congestion.
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O¨ZET
YOGˇUN TRAFI˙GˇE SAHI˙P C¸OK SAYIDA BI˙LES¸ENDEN
OLUS¸AN BULUT VERI˙ MERKEZLERI˙ I˙C¸IN MEVCUT
AGˇ KOS¸ULLARINI GO¨Z O¨NU¨NE ALAN SANAL
MAKI˙NE YERLES¸TI˙RME
Amir Rahimzadeh Ilkhechi
Bilgisayar Mu¨hendislig˘i, Yu¨ksek Lisans
Tez Yo¨neticileri: Doc¸. Dr. I˙brahim Ko¨rpeog˘lu ve Prof. Dr. O¨zgu¨r Ulusoy
Temmuz, 2014
Hesaplamanın satın alınabilir bir u¨ru¨nden I˙nternet u¨zerinde kullanıcılara
sunulabilir bir hizmete do¨nu¨s¸mesinin ardından, Bulut Bilis¸im yeni bir model
olarak hizmetli hesaplamayı gerc¸ekles¸tirmede es¸siz bir bas¸arısıyla ortaya
c¸ıkmıs¸tır. Gelis¸mekte olan herhangi bir teknoloji gibi, Bulut Bilis¸im de gelis¸imiyle
beraber c¸o¨zu¨lmesi gereken yeni zorlukları ortaya c¸ıkarmıs¸tır. Bu c¸alıs¸mada
mevcut ag˘ kos¸ullarını go¨z o¨nu¨ne alan Sanal Makine (SM) yerles¸tirme problemini
sag˘layıcı ac¸ısından o¨zel bir senaryoda inceliyoruz. Adı gec¸en senaryoda, belli
altyapı parc¸aları SM’lerden kaynaklanan yog˘un trafik akımlarının son hedefi
olmaktadır. Odaklandıg˘ımız senaryoda, SM’lerin verimlilig˘i yu¨ksek oranda
mevcut altyapı tarafından yog˘un trafik isteklerinin kars¸ılanmasına bag˘lıdır.
I˙lk olarak, SM’lerin verimlilig˘ini yansıtan memnuniyet (satisfaction) olarak
adlandırdıg˘ımız bir metrig˘i tanımlayıp, bu metrig˘i en yu¨kseg˘e c¸ıkarmaya
c¸alıs¸ıyoruz. Tanımlanan problem NP-hard olup, probleme en uygun c¸o¨zu¨mu¨
sag˘layan polinom zamanda c¸alıs¸an bir algoritma mevcut deg˘ildir. Bu nedenle,
SM’lerin iletis¸im o¨rneg˘i ve akım istek profillerine dayanarak tahmini optimum
c¸o¨zu¨m sag˘layan bir kac¸ c¸evrim dıs¸ı sezgisel algoritma o¨neriyoruz. Son
bo¨lu¨mde, simu¨lasyon deneyleri ile, o¨nerilen algoritmaların etkisini deg˘erlendirip
performanslarını kars¸ılas¸tırıyoruz.
Anahtar so¨zcu¨kler : Bulut Bilis¸im, Sanal Makine Yerles¸tirme, Gider Du¨g˘u¨m,
Tahmin Edilebilir Akım, Ag˘ Tıkanıklıg˘ı.
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Chapter 1
Introduction
The problem of placing a set of Virtual Machines (VMs) in a set of Physical
Machines (PMs) in distributed environments has been an important topic of
interest for researchers in the realm of cloud computing. The proposed approaches
often focus on various problem domains: primary placement, throughput
maximization, consolidation, Service Level Agreement (SLA) satisfaction versus
provider operating costs minimization, etc. [1]
Mathematical models are often used to formally define the problems of virtual
machine placement. The problems are then fed into solvers operating based
on different approaches including but not limited to greedy, heuristic-based or
approximation algorithms. There are also well-known optimization tools such as
CPLEX [2], Gurobi [3] and GLPK [10] that are predominantly utilized in to solve
placement problems of small size.
There is also another way of classifying the works related to VM placement
according to the number of cloud environments in two different environments:
1. Single-cloud environments.
2. Multi-cloud environments.
The firstly mentioned category is mostly concerned with service to PM
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assignment problems which are often NP-hard in complexity. That is, given a set
of PMs and a set of services that are encapsulated within VMs with fluctuating
demands, design an online placement controller that decides how many instances
should run for each service and also where the service is assigned to and executed
in, taking into account the resource constraints.
Normally, a reverse relation exists between the computational cost and the
precision of the solutions. Therefore, finding a tradeoff point where both
quality and complexity of the solution is acceptable, is a challenge. Several
approximation approaches have been introduced for that purpose including the
algorithm proposed by Tang et al. [4] that can come up with an efficient solution
for immense placement problems with thousands of machines and services. The
goal of the aforementioned algorithm is to maximize the total satisfied application
demand and to minimize the number of application starts and stops as well as
balancing the load among machines.
The second category, namely the VM placement in multiple cloud
environments, deals with placing VMs in numerous cloud infrastructures provided
by different Infrastructure Providers (IPs). Usually, the only initial data that
is available for the Service Provider (SP) is the provision-related information
such as types of VM instances, price schemes, etc. Without having access to
information about the number of physical machines, the load distribution, and
other such critical factors inside the IP (Infrastructure Provider) side, most
works on VM placement across multi-cloud environments are related to cost
minimization problems.
As an example of research in that area, Chaisiri et al. [11] propose an
algorithm to be used in such scenarios to minimize the cost spent in each
placement plan for hosting VMs in a multiple cloud provider environment. The
algorithm assumes that the future demand and price are uncertain and is based
on Stochastic Integer Programming (SIP).
By examining multi-cloud scenario, Vozmediano et al. [5, 6] propose
utilizing a computing cluster on top of a multi-cloud infrastructure to solve
Many-Task Computing (MTC) applications problems that are loosely coupled.
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One advantage of this method is improving the effectiveness of deployment when
cluster nodes can be provisioned with resources from different clouds. Another
advantage can be enabling implementation of high-availability strategies in such
scenarios.
In a different but related work, Hermenier et al. [7] propose the Entropy
Resource Manager designed for homogeneous clusters. By taking the migration
overhead into account, the proposed resource manager consolidates the VMs
dynamically based on constraint programming. In this approach, migrations
that cause lower performance overhead are chosen by the entropy. In order to
solve the problem, CHOCO constraint programming solver is utilized. Also, a
considerable amount of effort has been devoted to the energy management aspects
of VM placement. Le et al. [8] investigate the effect of VM placement mechanisms
on cooling and maximum data center temperatures. The objective is to reduce
the electricity cost in geographically distributed data centers that are designed for
performing high performance computing. They develop a model of data center
cooling for a realistic scenario and design VM distribution and migration policies
across data centers to benefit from time-based differences in the temperature and
electricity costs.
To begin with, our work falls into the first category that pertains to single
cloud environments. Based on this assumption, we can take the access to detailed
information about the VMs and their profiles, PMs and their capacities, the
underlying interconnecting network infrastructure and all related for granted.
Moreover, we concentrate on network rather than data center/server constraints
associated with VM placement problem.
This thesis introduces nearly optimal placement algorithms that map a set of
virtual machines (VMs) into a set of physical machines (PMs) with the objective
of maximizing a particular metric (named satisfaction) which is defined for VMs
in a special scenario. The details of the metric and the scenario are explained
in Chapter 3 while also a brief explanation is provided below. The placement
algorithms are off-line and assume that the communication patterns and flow
demand profiles of the VMs are given. The algorithms consider network topology
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and network conditions in making placement decisions.
Imagine a network of physical machines in which there are certain nodes
(physical machines or connection points) that virtual machines are highly
interested in communicating with. We call these special nodes “sinks”, and
call the remaining nodes “Physical Machines (PMs)”. Although we call the
special nodes as sinks, we assume the communication between VMs and sinks
is bidirectional.
Figure 1.1: Interconnected physical machines and sink nodes in an unstructured
network topology.
As illustrated in Figure 1.1, assuming a general unstructured network
topology, some small number of nodes (shown as cylinder-shaped components)
are functionally different than the rest. With a high probability, any VM to
be placed in the ordinary PMs will be somehow dependent on at least one of
the sink nodes shown in the figure. By dependence, we mean the tendency to
require massive end-to-end traffic between a given VM and a sink that the VM
is dependent on. With that definition, the intenser the requirement is, the more
dependent the VM is said to be.
The network connecting the nodes can be represented as a general graph
G(V,E) where E is the set of links and V is the set of nodes (including PMs and
sinks as shown in relation 1.1). On the other hand, the number of normal PMs
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is much larger than the number of sinks (relation 1.2):
S ∈ V (1.1)
|S|  |V − S| (1.2)
1
2
3
SinksVMs to be placed
Demand Vector 1
Demand Vector 2
Demand Vector m
Figure 1.2: The dependence of any VM on any sink given as demand vector.
Each link consisting of end nodes ui and uj is associated with a capacity cij
that is the maximum flow that can be transmitted through the link.
Assume that the intensity of communication between physical machines is
negligible compared to the intensity of communication between physical machines
and sinks. In such a scenario, it makes sense to assume that the quality of
communication (in terms of delay, flow, etc.) between VMs and the sinks is
the most important factor that we should focus on. That is, placing the VMs
on PMs that offer a better quality according to the demands of the VMs, is
a reasonable decision. Before advancing further, we suppose that the following
prior information is given about any VM:
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12
n
PMs available
1
2
3
Sinks
Figure 1.3: The costs between any PM-Sink pair.
• Total Flow: The total flow that the VM will demand in order to send to
and/or receive data from sinks.
• Demand Weight: For a particular VM (vmi), the weights of the demands for
the sinks are given as a demand vector Vi = (vi1, vi2, . . . , vi|S|) with elements
between 0 and 1 whose sum is equal to 1. (vik is the weight of demand for
sink k in vmi). Figure 1.2 illustrates what demand vector means.
Suppose that each PM-Sink pair is associated with a numerical cost as
depicted in Figure 1.3 (to be explained in detail later). It is clearly not a good
idea to place a VM with intensive demand for sink x in a PM that has a high
cost associated with that sink.
Based on those assumptions, we define a metric named satisfaction that shows
how “satisfied” a given virtual machine v is, when placed on a physical machine
p.
By maximizing the overall satisfaction of the VMs we can claim that both
6
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n
Demand vector 1
Demand vector 2
Demand vector m
VMs to be assigned PMs available
Figure 1.4: The Placement Problem that can be represented as an Assignment
Problem that maps VMs to PMs.
the service provider and the service consumer side will be in a win-win situation.
From consumer’s point of view, the VMs will experience a better quality of service.
Similarly, on the provider side, the links will be less likely to be saturated which
enables serving more VMs.
The placement problem (Figure 1.4) in our scenario is the complement of
the famous Quadratic Assignment Problem (QAP) [36] which is NP-hard. On
account of the dynamic nature of the VMs that are frequently commenced and
terminated, it is impossible to arrange the sinks optimally in a constant basis,
since it requires physical changes in the topology. So, we instead attempt to find
optimal placement (or actually nearly-optimal placement) for the VMs which is
exactly the complement of the aforementioned problem. We propose greedy and
heuristic based approaches that show different behavior according to the topology
(Tree, VL2, etc.) of the network.
We introduce two different approaches for the placement problem including
a greedy algorithm and a heuristic-based algorithm. Each of these algorithms
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have two different variants. We test the effectiveness of the proposed algorithms
through simulation experiments. The results reveal that a closer to optimal
placement can be achieved by deploying the algorithms instead of assigning them
regardless of their needs (random assignment). We also provide a comparison
between the variants of the algorithms and test them under different topology
and problem size conditions.
The rest of this thesis includes a brief background about cloud computing
together with literature review (Chapter 2) followed by the formal definition of
the problem in hand (Chapter 3). In Chapter 4, some algorithms for solving
the problem are provided. Experimental results and evaluations are included in
Chapter 5. Finally Chapter 6 concludes the thesis and proposes some potential
future work.
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Chapter 2
Background
2.1 Cloud Computing
Nowadays, Cloud Computing is becoming a famous buzzword. As a brand new
infrastructure to offer services, Cloud Computing systems have many superiorities
in comparing to those existed traditional service provisions, such as reduced
upfront investment, expected performance, high availability, infinite scalability,
tremendous fault-tolerance capability and so on, and consequently chased by most
of the IT companies, such as Google, Amazon, Microsoft, Salesforce.com [14].
Cloud Computing provides a paradigm shift following the shift from mainframe
to client–server architecture in the early 1980s [9, 12] and rather than a product,
in this novel paradigm computing is delivered as a service. In such a paradigm,
resources, software, or information are services that are provided to customers
over networks.
Cloud Computing refers to both the applications delivered as services over the
Internet and the hardware and systems software in the data centers that provide
those services [16].
Nevertheless, there are quite a few different definitions for Cloud Computing
and there is no consensus on the whatabouts of Clouds. Besides, Cloud
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Computing is not a completely novel concept as it is conceptually connected
to some relatively new paradigms such as Grid Computing, utility computing,
cluster computing, and distributed systems in general. [24].
2.1.1 Hardware Virtualization
Literally, hardware virtualization means that an application executes on
virtualized hardware as opposed to physical hardware [15]. Virtualization is
a technology that draws a separation line between computation and physical
hardware. This technology is often referred to as the groundwork for Cloud
Computing for its ability to isolate software from hardware, and in turn isolating
users and processes/resources. Traditional operating systems are not capable of
providing such degree of isolation that suits well for Cloud Computing. Hardware
virtualization approaches include Full Virtualization, Partial virtualization and
Paravirtualization [17]. With virtualization, software capable of execution on
the raw hardware can be run in a virtual machine. Cloud systems deployable
services can be encapsulated in virtual appliances (VAs) [18], and deployed by
instantiating virtual machines with their virtual appliances [19].
In [15] Plessl and Platzner compare the three different approaches of hardware
virtualization arguing the motives behind each approach:
• Temporal Partitioning: Partially deployed but insufficient resources may
be sequentially utilized to run a specific splittable application. Temporal
Partitioning maps an application of arbitrary size to a device with
insufficient resources having the reconfigurability feature (Figure 2.1).
• Virtualized Execution: Virtualized execution is meant to achieve a certain
level of device-independence within a device family. An application is
mapped to or specified directly in a programming model (Figure 2.2).
• Virtual Machine: The motivation for this virtualization approach is to
achieve an even higher level of device-independence. Instead of mapping
an application directly to a specific architecture, the application is mapped
10
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Figure 2.1: Temporal Partitioning.
to an abstract computing architecture. Java Virtual Machine [25, 26]
is probably the most renown example of this virtualization category
(Figure 2.3).
2.1.2 The XaaS Service Models
There are several service models that are related to cloud computing out of which
some are very important and they are worthy to be mentioned here. Furthermore,
these services fill into three levels: hardware level, system level and application
level [14].
• Software as a Service (SaaS): In this model, software applications are the
actual services that are executed on infrastructures that are managed by a
vendor. Customers often use certain family of clients such as web browsers
and programming interfaces to access the provided services. Normally, users
are charged on a subscription basis [20]. Customers have often no idea
of the working mechanisms in the underlying infrastructure where their
applications are serviced. In other words, there is a level of transparency
between customers and the infrastructure.
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Figure 2.2: Virtualized Execution.
• Platform as a Service (PaaS): In the PaaS model, computing platform
or solution stack normally consisting of operating system, programming
language IDE, database, and web server are delivered as services to
consumers [21]. Without a necessity to oversee and control the bottom layer
of software and hardware (e.g. Network, OS, physical data storage) users
or customers can simply develop and run their software and also manage
their applications (e.g. configuration settings for the hosting environment)
if required [22].
• Network as a Service (NaaS): Examples of the services that fall into NaaS
category abound. Amongst, there are some popular ones such as Internet
services from carriers (both wired and wireless network service), mobile
services and alike. The Internet services are mainly concerned with
providing broadband bandwidth-on-demand services [14].
• Data as a Service (DaaS): The DaaS refers to the family of services
provided by means of software as a service or web service that offer access
and analytics to a set of proprietary set of aggregated data. Several renown
companies such as DataDirect [27] and Strikeiron [28] are providing that
service to customers.
• Infrastructure as a Service (IaaS): In Clould Computing jargon, a set of
12
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Figure 2.3: Virtual Machine.
hardware resources including components like storage capacity, memory,
CPU cycles, and Network facilities are called infrastructure. IaaS is a service
model in which infrastructure is delivered as service, typically over the
Internet. Some popular companies with huge investments on hardware that
offer such services include Amazon [29], ServePath [30], Mosso [31], and
Skytap [32]. Those services often charge in terms of customer usage [14].
In this model, the customers have more flexibility as they are able to run
their desired software that can be ordinary applications or even operating
systems. Nevertheless, the underlying cloud infrastructure is not under
direct control of the users. Customers can only manipulate and control
their own virtual infrastructure that is formed by virtual machines hosted
by physical IaaS vendors. In this thesis, although we are not confined to a
particular service model, we will mostly focus on infrastructure as a service
model.
2.1.3 Cloud Computing Scenarios
Regardless of the service model that is used, one can think of two major
stakeholders: 1- Infrastructure Provider (IP), and 2- Service Provider (SP). The
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first refers to the party that offers infrastructure and resources such as data
centers, storage capacities, networks, etc, while the latter refers to the party that
delivers the services provided by the IP to the end users. The provided services
can be of any family (e.g. SaaS, NaaS, ...) that in most cases are deployed using
PaaS tools. According to [23], cloud scenarios can be roughly classified into four
categories:
• Private Cloud: In such a scenario, the SP and IP are integrated as a single
provider and the corresponding organization provisions services depending
on its own internal infrastructure. One obvious advantage of this scheme is
the lack of transparency between the IP and SP enabling a better control
and higher performance as the whole cloud is administered within a united
capsule. Higher security can be counted as another advantage of the
mentioned scenario. Figure 2.4 provides a graphical illustration of private
cloud scheme.
SPX
Organization X
Customers
IPX
Figure 2.4: Private Cloud Scheme.
• Cloud Bursting: Figure 2.5 depicts a different scenario where one or more
IPs are deployed as backup Infrastructure Providers along with a local one.
In some unavoidable situations, the local IP may not be capable of handling
the demands due to a burst workload and/or it might be facing periodical
failures. The usage of multiple back up IPs guarantees that the scheduled
14
jobs can be oﬄoaded to a different IP in any unpredicted or anomalous
circumstance.
SPX
Organization X Organization Y
IPX IPY
Customers
Figure 2.5: Cloud Bursting Scheme.
• Federated Cloud: According to [33], a federated cloud (Figure 2.6) is a
collection of a Service Provider and multiple collaborative Infrastructure
Providers that try to balance the load between themselves. The federation
is often transparently associated with the IP level and SP has no control
over it. Put differently, an SP that assigns a job to an IP in a federation,
is not aware of the fact that the job might be/have been oﬄoaded to a
different IP for load balancing purposes. Nonetheless, the SP is sometimes
able to enforce location constraints on the service (e.g. by requiring it to
be provisioned in particular IP(s)).
• Multi-Cloud: A federated cloud without transparency between the SP and
IPs is equivalent to Multi-Cloud scenario. As shown in Figure 2.7, in such
scenarios, the SP is responsible for coordinating the IPs and deal with
load balancing and optimality challenges. We can think of a similarly
defined special case scenario where the organization has no internal IP and
depends totally on the external ones. In this case as the SP depends totally
on external infrastructures, cost-related optimization problems often draw
attention.
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IPY
Organization Z
IPZ
SPX
Organization X
IPX
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Figure 2.6: Federated Cloud Scheme.
2.2 Service Assignment Problems
Simply put, the Cloud assignment problems are related to finding an optimal
solution for determining how to map a set of requested services to a set of local
or in some cases remote resources. The requested services may consist of several
components whose assignment should be considered separately. Moreover, the
scenario and service model is also important in deciding where to assign a given
demand. The characteristics of the demands also are dependent upon the service
model and scenario. In the following subsections, a brief introduction to some
factors and criteria as well as challenges when dealing assignment problems are
given.
2.2.1 Parameters and Criteria
Numerous factors and parameters including (but not limited to) Data Center
capacities, network constraints, pricing, locality, etc. should be taken into account
when designing an effective assignment algorithm. Otherwise, the output can be
unsatisfactory or it can yield contradictory outcomes for different stakeholders.
The assignment algorithm should be intricately designed to honor the advantages
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Figure 2.7: Multi-Cloud Scheme.
of the stakeholder (IP or SP) that it is meant to be associated with. That being
the case, typically there is a price-performance trade-off intrinsic to assignment
problems in Cloud systems that should be alleviated. Below, some of the most
important factors that are mostly used as criteria for evaluating an assignment
algorithm are given.
• Performance: Virtualization and consolidation are the most popular
techniques to enhance the utilization of physical resources such as data
centers and network bandwidth enabling the server platforms to run
possibly heterogeneous applications. However, the significance of placement
algorithms are coequally essential meaning that deploying different VM
placement strategy can affect the performance substantially in an unvarying
scenario [34].
• Cost: Although fixed schemes used to be dominant for modelling Cloud
prices in the infancy days of Cloud technology, it has gradually shifted
to the dynamic pricing schemes [35]. Without any undesired impact on
the performance of a given service, it is possible to diminish the investment
amounts by reconfiguring the services dynamically [37]. One example of this
reconfiguration is resizing VMs without any disadvantageous consequences.
Besides, the reciprocal competitive effect of VMs (e.g. intervention and
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rivalry of different VMs trying to access the same resource such as CPU
cycles) should also be taken into consideration when modelling the price for
a Cloud service.
• Reliability and Availability of the Services: In some scenarios, objective
VM placement objective is guaranteeing a reliable service with highest
possible availability being cognizant of resource constraints. Several
techniques can be applied to achieve such goals including replication and
migration of VMs across diverse physical machines possibly located in
remote geographical zones. A higher level of reliability and availability
depends on the reliability of hosting data centers, the significance of service
and any associated data that is enclosed in VMs, the access frequency are
the most important factors that one should bear in mind when designing a
VM placement algorithm for maximizing the reliability and availability of
the service [45].
• Locality: Locality is a beneficial quality unless some other more vital factors
in stake such as security are conflictingly affected [43]. The closeness of
a VM (or service) to its corresponding user is referred to as locality [42].
Maximizing this factor is specifically related to metrics such as congestion
in the deployed networks. Our thesis is closely tied to VM placement in
a scenario that locality should be highlighted in order to achieve a better
performance in the underlying physical network.
2.2.2 Challenges
Developing a general-purpose placement mechanism is infeasible due to the
magnitude of different scenarios, the range of parameters, conflict of different
stakeholders’ interests, etc. Below, some of the challenges that make the
placement problem even more demanding are listed.
• To begin with, in some situations it is very difficult to model the requirements
of the users when there is no defined prototype model that reflects the exact
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needs and all the thresholds for the users. In other words, the ever changing
service models and scenarios may be evolving too fast to catch up with and
adapt the placement method accordingly.
• Moreover, it is often a very taxing job to find proper parameters when trying
to do model parameterization especially when the size of the problem is too
large.
• Last but not least, the VM placement problems can often be reduced to
well-known NP-hard problems such as multiple-knapsack [4]. Therefore,
finding a perfect solution that can be run in a reasonable amount of
time specially in online problems with huge size is almost impossible (e.g.,
Amazon EC2 [29], the leading cloud provider, has approximately 40,000
servers and schedules 80,000 VMs every day [44]). The solution is to
use approximation algorithms and heuristic-based approaches to be able
to achieve an acceptable result in a practicable time.
2.3 The Scope of This Thesis
Considering the complexity and variety of Virtual Machine placement problems,
the subject and/or scenario orientedness of any proposed placement algorithm
is something inevitable. That being said, the placement problem studied in this
thesis is also limited to a specific scenario and assumes the availability of some
apriori knowledge such as VM bandwidth demand profile information. In this
work, we are concerned with optimal usage of network resources rather than any
other Cloud assets including physical machines, or even some microscopic level
resources like CPU cycles, memories, storage capacities and alike. The constraints
that we consider in developing our VM placement algorithm are also related to
the underlying network infrastructure that is deployed as a part of Cloud. We
propose off-line VM placement approaches having a reasonable time complexity
and yielding near optimal results.
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2.4 Related Work
There are several studies in the literature that are closely related to our work.
In [46] consolidation has been viewed from a different angle: consolidation is
primarily meant to require VMs be packed tightly while they also receive resources
commensurate with their demands. However, network bandwidth demands of
VMs may be too dynamic that will make it difficult to distinguish demands by a
fixed number and try to apply conventional consolidation schemes. In their work,
they capture the bandwidth demand by random variables obeying probabilistic
distributions. The mentioned study is focused on consolidating VMs according to
bandwidth constraints enforced by network devices including Ethernet adapters
and edge switches. They formulate the problem as a Stochastic Bin Packing
problem and then propose an online packing algorithm.
In a different work [47] carried out by O. Biran et al. focused on Virtual
Machine placement problem, researchers contend that placement has to carefully
consider the aggregated resource consumption of co-located VMs in order to
be able to honor Service Level Agreements (SLA) by spending the least or
comparatively fewer costs. In their work, they focus on both network and
CPU-memory requirements of the VMs. Their proposed methods that not only
satisfies the anticipated communication demands of the VMs, but is also resilient
to variations happening over time.
The scalability of data centers have been carefully studied by X. Meng et al.
in their work [48]. They propose a traffic-aware Virtual Machine placement to
improve the network scalability. Unlike past works, their proposed methods do
not require any alterations in the network architecture and routing protocols.
They suggest that traffic patterns among VMs can be better matched with the
communication distance between them. They formulate the VM placement as
an optimization problem and then prove its hardness. In the mentioned work,
a two-tier approximate algorithm is proposed that solves the VM placement
problem efficiently.
Another work that also focuses on consolidation of virtual machines is a
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research [49] followed through with D. Breitgand and A. Epstein. They suggest
that consolidating VMs should be realized without quality of service degradation.
The study is related to the problem of consolidating VMs on the minimum
number of containers interconnected using a network where there is a bottleneck
possibility.
To the best of our knowledge the most relevant past work is [50] by R. Cohen et
al. In their work, they concentrate merely on the networking aspects and consider
the placement problem of virtual machines with intense bandwidth requirements.
They focus on maximizing the benefit from the overall communication sent by
virtual machines to a single point in the data center which they call root. In
a storage area network of applications with intense storage requirements, the
scenario that is described in their work is very likely. They propose an algorithm
and simulate on different widely used data center network topologies.
There are some less related works that also focus on network aspects of
cloud computing but from different standpoints such as routing, scalability,
connectivity, load balancing and alike:
In [38], M. Al-Fares et al. argue that the aggregate bandwidth requirements
of an immense number of computers that are contained in a data center network
can be huge. The typical infrastructure of the utilized networks consists of tree of
routing and switching elements with progressively more specialized and expensive
components moving upwards in the network hierarchy. Their work contends that
this architecture after even deploying the higher-end IP switches or routers may
only support half of the aggregate bandwidth available at the edge of the network.
They try to interconnect the commodity switches in different ways to deliver more
performance at less cost than available from popular higher-end solutions. Their
approach does not require any alterations on the end host network interface, OS,
and applications.
A network architecture is proposed by [39] by A. Greenberg et al. to allow
dynamic resource allocation across large server pools. They declare that the data
center network should allow any server to be assigned to any service, and VL2
meets that requirement. They have also made a real working prototype of VL2.
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Similarly, in [40], C. Guo et al. propose a network architecture named BCube
that is specifically aimed for shipping-container based and modular data centers.
In this architecture, servers with multiple network ports connect to multiple layers
of COTS (commodity the-shelf) mini-switches, relaying packets to other servers
which is against what happens in other architectures where servers are only end
hosts. According to their experiments, among the most important features of
BCube is accelerating bandwidth intensive applications.
Finally, in [41] a study of application demands from a production data center
of 1500 servers by S. Kandula et al. reveals that in many cases application
demands can be generally met by a network that is slightly oversubscribed.
In their work, they advocate a hybrid architecture claiming that eliminating
over-subscription is a needless overkill. In their approach, after the base network
is provisioned for the average case, for the hotspots they add extra links on
an on-demand basis. The additional links are called flyways that provide
reinforcement capacity in required situations.
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Chapter 3
Formal Problem Definition
We are interested in the problem of finding an optimal assignment of a set of
Virtual Machines (VMs) into a set of Physical Machines (PMs) (assuming that
the number of PMs is greater than or at least equal to that of VMs) in a special
scenario with the objective of maximizing a metric that we define as satisfaction.
In the following sections, the scenario of interest, assumptions, the defined metric,
and mathematical description of the problem are provided, respectively.
3.1 Scenario
Heterogeneity of interconnected physical resources in terms of computational
power and/or functionality is not too unlikely in Cloud Computing environments
[52]. If we refer to any server (or any connection point) in Data Center Network
(DCN) as a node, assuming that the nodes can have different importance levels
is also reasonable in some situations. Note that here, since we are concerned
with network constraints and aspects, by importance level we mean the intensity
of traffic that is expected to be destined for a subject node. In other words, if
VMs have a higher tendency to initiate traffics to be received and processed by
a certain set of nodes (call it S), we will say that the nodes belonging to that set
have a higher importance (e.g., the cylinder-shaped servers shown in Figure 1.1).
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Throughout the thesis, those special nodes are called sinks. Besides, a sink can be
a physical resource such as a supercomputer or it can be a virtual non-processing
unit such as a connection point:
One can think of a sink as a physical resource (as is the case in Figure 1.1) that
other components are heavily dependent on. A powerful supercomputer capable
of executing quadrillions of calculations per second [53] can be considered a
physical resource of high importance from network’s point of view. Such resources
can also be functionally different from each other. While a particular server X is
meant to process visual information, server Y might be used as a data encrypter.
In our scenario, a sink is not necessarily a processing unit or physical resource.
It can also be a connection point to other clouds located in different regions
meant for variety of purposes including but not limited to replication (Figure 3.1).
Suppose that in the mentioned scenario, every VM is somehow dependent on those
sinks in that sense that there exists reciprocally intensive traffic transmission
requirement between any VM-sink pair.
Cloud in Region 1 Cloud in Region 2
Cloud in Region 3 Cloud in Region 4
Local Cloud
Connection Point Resource Link
Figure 3.1: Non-resource Sinks.
Regardless of the types of the sinks (resource or non-resource) the overall
traffic request destined for them is assumed to be very intense. Having said that,
functional differences might exist between the sinks that can in turn result in a
disparity on the VM demands. We assume that any VM has a specific demand
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weight for any given sink.
In the subject scenario, the tendency to transmit unidirectional and/or
bidirectional massive traffic to sinks is so high that it is the decisive factor in
measuring a VM’s efficiency. Also, Service Level Agreement (SLA) requirements
are satisfied more suitably if all the VMs have the best possible communication
quality (in terms of bandwidth, delay, etc.) with the sinks commensurate to their
per sink demands. For example, in Table 3.1 three virtual machines are given
associated with their demands for each sink in the network. An appropriate
placement must honor the needs of the VMs by placing any VM as close as
possible to the sinks that they tend to communicate with more intensively (e.g.,
require a tenser flow).
Table 3.1: Sink demands of three VMs.
VM/Sink S1 S2 S3
VM 1 0.1 0.2 0.7
VM 2 0.5 0.05 0.45
VM 3 0.8 0.18 0.02
3.2 Assumptions
The scenario explained in Section 3.1 is dependent upon several assumptions that
are explained below:
• Negligible Inter-VM Traffic: The core presupposition that our scenario is
based on, is assuming that the sinks play a significant role as virtual or real
resources that VMs in hand attempt to acquire as much as possible. Access
to the resources is limited by the network constraints and from a virtual
machine’s point of view, proximity of its host PM (in terms of cost) to the
sinks of its interest matters the most. Therefore, we implicitly make an
assumption on the negligibility of inter-VM dependency meaning that VMs
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do not require to exchange very huge amounts of data between themselves.
If we denote the amount of flow that VM vmi demands for sink sj by D(i, j),
and similarly denote the amount of flow that VM vmk demands for another
VM vml by D
′(k, l), then Relation 3.1 must hold where i, j, k, and l are
possible values (i.e., i ≤ number of VMs, and j ≤ number of sinks):
D′(k, l) D(i, j), ∀i, j, k, l (3.1)
• Availability of VM Profiles: Whether by means of long term runs or by
analyzing the requirements of VMs at the coding level, we assume that
the sink demands of the VMs based on which the placement algorithms
operate are given. In other words, associated with any VM to be placed, is
a vector called demand vector that has as many entries as the number of
sinks (Figure 3.2).
Virtual Machine X
0.20.150.20.050.10.20.1
Demand Vector X
VM Request X
Total Sink Flow Demand for X
Figure 3.2: Incoming VM Request.
Suppose that the sinks are numbered and each entry on any demand vector
corresponds to the sink whose number is equal to the index of the entry.
Entries in the demand vectors are the indicators of relative importance of
corresponding sinks. The value of each entry is a real value in the range
[0,1] and the summation of entries in any demand vector is equal to 1. In
addition to demand vector, we suppose that a priori knowledge about the
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total sink flow demand of any VM is also given. Sink flow demand for a
particular VM vmx is defined as the total amount of flow that vmx will
exchange with the sinks cumulatively.
• Off-line Placement: The placement algorithms that we propose are off-line
meaning that given the information about the VMs and their requirements,
network topology, physical machines, sinks, and links, the placement
happens all in once as shown in Figure 3.3.
VM Requests
Network Topology, Physical 
Resources, Sinks, and Link 
Information
Input
Final Assignment Table 
Mapping VMs to PMs
VM to PM 
assigner Algorithm
Algorithm Output
Figure 3.3: Off-line Virtual Machine Placement.
• One VM per a PM: We suppose that every PM can accommodate only
one VM. Although this assumption may sound unrealistic, it is always
possible to consolidate several VMs as a single VM [50]. In a real world
scenarios, CPU and memory capacity limits of each host determines the
number of VMs that it can accommodate. A different approach is to is to
bundle all VMs that can be placed in a single host into one logical VM,
with the accumulated bandwidth requirements. In both cases we can thus
assume with the loss of generality throughout the thesis that each PM can
accommodate a single VM.
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3.3 Satisfaction Metric
The placement problem in our scenario can be viewed from two different
stakeholders’ perspective: From a Service Provider’s standpoint, an appropriate
placement is the one that honors the virtual machines’ demand vectors.
Comparably, Infrastructure Provider tries to maximize the locality of the traffics
and minimize the flow collisions. Fortunately, in our scenario, the desirability
of a particular placement from both IP and SP viewpoints are in accordance:
any placement mechanism that respects the requirements of the VMs (their sink
demands basically), also provides more locality and less congestion in the IP side.
We define a metric that shows how satisfied a given VM vmi becomes when it
is placed on PM pmj. In our scenario, satisfaction of a virtual machine depends
on the appropriateness of the PM that it is placed on according to its demand
vector. As it is illustrated on Figure 1.3, there is a cost associated between
any PM-Sink pair. Likewise, there is a demand between any VM-Sink pair that
shows how important a given sink for a VM is (Figure 1.2). A proper placement
should take into account the proximity of VMs to the sinks proportionate to their
significance. Here, by proximity we mean the inverse of cost between a PM and
a sink: a lower cost means a higher proximity. As an example, suppose that we
have one VM and two options to choose from (Figure 3.4): pm1 or pm2.
In this example, there are three sinks in the whole network. The VM is given
together with its total flow demand and demand vector. The costs between pm1
and all the other sinks supports the suitability of that PM to accommodate the
given VM because more important sinks have a smaller cost for pm1. Sinks 3, 2
and 1 with corresponding significance values 0.7, 0.25, 0.05 are the most important
sinks, respectively. The cost between pm1 and sink 3 is the least among the three
cost values between that PM and the sinks. The next smallest costs are coupled
with sink 2 and sink 1, respectively. If we compare those values with the ones
between pm2 and the sinks, we can easily decide that pm1 is more suitable to
accommodate the requested VM. If we sum up the values resulted by dividing
the value of each sink in the demand vector of a VM to the cost value associated
with that sink in any potential PM, then we can come up with a numerical value
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pm1
pm2
Sink 1
Sink 2
Sink 3
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Sink 1
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0.70.250.05
Figure 3.4: A simple example of placement decision.
reflecting the desirability of that PM to accommodate our VM. For now, let’s
denote this value by x(vm, pm) which means the desirability of physical machine
pm for virtual machine vm. The desirability of pm1 and pm2 for the given VM
request in our example can be calculated as follows (Equations 3.2 and 3.3):
x(vm, pm1) =
0.05
5
+
0.25
2
+
0.7
1
= 0.835 (3.2)
x(vm, pm2) =
0.05
2
+
0.25
1
+
0.7
5
= 0.415 (3.3)
From these calculations, it is clearly understandable that placing the requested
VM on pm1 will satisfy the demands of that VM in a better manner.
Based on that intuition, given a VM vm with demand vector V including
entries v1, ..., v|S|, a set of PMs P = {pm1, ..., pm|P |}, the set of sinks S =
{s1, ..., s|S|}, a static cost table D with entries Dij indicating the static cost
between pmi and sj, and a dynamic cost function G(pm, s, vm) that returns the
dynamic cost between PM pm and sink s when vm is placed on pm, we define
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the satisfaction function Sat(vm, pm) as:
Sat(vm, pmi) =
|S|∑
j=1
vj
dij ×G(pmi, sj, vm) (3.4)
The details of D table and G function in Relation 3.4 are provided in the next
section (Mathematical Description). Note that for the sake of simplicity but
without the loss of generality, we assume that the static costs are as important
as the dynamic costs in our scenario (i.e., according to the Relation 3.4, a PM p
with static cost cs and dynamic cost cd associated with a sink s is as desirable as
another PM p′ with static cost c′s =
1
2
.cs and dynamic cost c
′
d = 2.cd associated
with s, for any VM that has an intensive demand for s). Static and dynamic
costs are of different natures and their combined effect must be calculated by a
precisely parameterized formula that depends on the sensitivity of the VMs to
delay, congestion, and so on.
3.4 Mathematical Description
The problem in hand can be represented in mathematical language. First of all,
topology of the network is representable as a graph G(V,E) where V is the set of
all resources (including PMs and sinks) and E is the set of links (associated with
some values such as capacity) between the resources (Figure 3.5). In addition to
the topology, we have the following information in hand:
• Set N = pm1, pm2, . . . , pmn consisting of physical machines.
• Set M = vm1, vm2, . . . , vmm consisting of virtual machine requests.
• Set S = s1, s2, . . . , sz consisting of sinks that are functionally not identical.
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where Relations 3.5 and 3.6 hold:
|N | ≥ |M | (3.5)
|N |  |S| (3.6)
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Figure 3.5: A graph representing a simple data center network without an
standard topology. The nodes named by alphabetic letters are the sinks.
In addition, any VM request has a sink demand vector and a total sink flow:
• fi = total sink flow demand of vmi. In other words, it is a number that specifies
the amount of demanded total flow for vmi that is destined for the sinks.
• Vi = (vi1, vi2, . . . , vi|S|) which is the demand vector for vmi. In this vector,
vik = the intensity of flow destined for sk initiated from vmi.
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For any demand vector, we have the following relations (3.7 and 3.8):
|S|∑
j=1
vij = 1, ∀i (3.7)
0 ≤ vij ≤ 1, ∀i, j (3.8)
All of the resources in the graph G can be separated into two groups, namely,
normal physical machines and sinks (that can be special physical machines or
virtual resources like connection points as explained in Section 3.1). With that
in mind, as illustrated in Figure 3.6, we can think of a bipartite graph Gp =
(N ∪ S,Ep) whose:
2
3
4
5
6
23
F
D
E
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A
B
1
Figure 3.6: A bipartite graph version of Figure 3.5 representing the costs between
PMs and sinks.
• Vertices are the union of physical machines and sinks.
• Edges are weighted and represent the costs between any PM-Sink pair.
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The cost associated with any PM-Sink pair is in direct relationship with
static costs such as physical distance (e.g., it can be the number of hops or any
other measure) and dynamic costs such as congestion as a result of link capacity
saturation and flow collisions. It means that depending on different assignments,
the cost value on the edges connecting the physical machines to the sinks can also
change. For example, according to Figures 3.5 and 3.6, if a new virtual machine
is placed on PM #18 that has a very high demand for the sink C, then the cost
between PM #23 and the sink C will also change most likely. Suppose that PM
#23 uses two paths to transmit its traffic to sink C: P1 = {22 − 21 − 18} and
P2 = {22− 20− 19} (excluding the source and destination). Placing a VM with
an extremely high demand for sink C on 18 can cause a bottleneck in the link
connecting 18 to the mentioned sink. As a result, PM #23 may have a higher
cost for sink C afterwards, since the congested link is on P1 which is used by PM
#23 to send some of its traffic through. Accordingly, we define:
• D Matrix : A matrix representing the static costs between any PM-Sink pair
which is an equivalent of the example bipartite graph shown in Figure 3.6
in its general case. An entry Dij stores the static cost between pmi and sj.
• G Function : For any VM, the desirability of a PM is decided not only
according to static but also dynamic costs. G(pmi, sj, vmk): N ×S×M →
R+ = congestion function that returns a positive real number giving a sense
of how much congestion affects the desirability of pmi when vmk is going
to be placed on it, taking into account the past placements. Congestion
happens only when links are not capable of handling the flow demands
perfectly. The G function returns a number greater than or equal to 1
which shows how well the links between a PM-Sink pair are capable of
handling the flow demands of a particular VM. If the value returned by this
function is 1, it means that the path(s) connecting the given PM-Sink pair
won’t suffer from congestion if the given VM is placed on the corresponding
PM. Because the value returned by G is a cost, a higher number means a
worse condition. Implicitly, G is also a function of past placements that
dictate how network resources are occupied according to the demands of the
VMs. While there is no universal algorithm for G function as its output is
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totally dependent on the underlying routing algorithm that is used, it can
be described abstractly as shown in Figure 3.7. According to that figure,
the G function has four inputs out of which two of them are related to
the assignment that is going to take place (VM Request and PM-Sink pair)
and the rest are related to past assignments and their effects on the network
(the occupation of link capacity and so on).
Network Topology, Link 
Information
Input Output
Past 
Assignments
VM Request
Does Congestion 
Affect the Cost 
Between the PM and 
Sink Pair?
PM-Sink Pair
G Function 
(abstract view)
1
N
Y
(Flow)
Figure 3.7: The abstract working mechanism of G function.
Based on the underlying routing algorithm used, the inner mechanism of G
function can be one of the followings:
• Oblivious routing with single shortest path: For such a routing
scheme, the G function simply finds the most occupied link and
divides the total requested flow over the capacity of the link (refer to
Algorithm 1). If the value is less than or equal to 1, then it returns 1.
Otherwise, it returns the value itself. According to Figure 3.8, physical
machines X and Y use static paths (1-2-3 and 1-2-4, respectively) to
send their traffic to the sink. Suppose that among the links connecting
X to the sink, only the link 1-2 is shared with a different physical
machine (Y in that case). Link 1-2 is therefore the most occupied link
and if we call the G function for a given VM, knowing that another VM
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is placed on Y beforehand, according to the demands of the previously
placed VM and the VM that is going to be assigned to Y , G will
return a value greater than or equal to 1 showing the capability of the
bottleneck link of handling the total requested flow.
Algorithm 1 G(pmi, sj, vmk) : The congestion function for oblivious routing
with single path.
1: Path ← the path connecting pmi and sj
2: MinLink ← the link in the Path that is occupied the most
3: totReq ← total flow request destined to pass through MinLink
4: c ← Total Capacity of MinLink
5: G = totReq
c
6: return max(G, 1)
Figure 3.8: A partial graph representing part of a data center network. The
colored node represents a sink. Physical machines X and Y use oblivious routing
to transmit traffic to the sink. The thickest edge (1-2) is the shared link.
• Oblivious routing with multiple shortest (or acceptable) paths:
If there are more than one static path between the PM-Sink pairs and
the load is equally divided between them, then the G function can
be defined in a similar way with some differences: every path will
have its own bottleneck link and the G function must return the sum
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of requested over total capacity of the bottleneck links in every path
divided by the number of paths (Algorithm 2). Hence, if congestion
happens in a single path, the overall congestion will be worsened less
than the single path case. In Figure 3.9, two different static paths
(1-2-3, 6-7-8-9 for X, and 5-4, 1-7-8-9 for Y) have been assigned to each
of the physical machines X and Y. The total flow is divided between
those two paths and the congestion that happens in the links that are
colored green, affects only one path of each PM.
Algorithm 2 G(pmi, sj, vmk) : The congestion function for oblivious routing
with multiple paths.
1: n ← number of paths connecting pmi to sinkj
2: TotG ← 0
3: for all Path between pmi and sinkj do
4: MinLink ← the link in the Path that is occupied the most
5: totReq ← total flow request passing from MinLink
6: c ← Total Capacity of MinLink
7: G = totReq
c
8: TotG ← TotG + G
9: end for
10: return max(TotG
n
, 1)
• Dynamic routing: Defining a G function for dynamic routing is more
complex and many factors such as load balancing should be taken
into account. However, the heuristic that we provide for placement,
is independent from the routing protocol. G functions provided for
oblivious routing can be applied to two famous topologies, namely
Tree and VL2 [39].
We are now ready to give a formal definition of the assignment problem. The
problem can be formalized as a 0-1 programming problem, but before we can
advance further, another matrix must be defined for storing the assignments:
• X matrix: X : M × N → {0, 1} is a two dimensional table to denote
assignments. If xij = 1 it means that vmi is assigned to pmj.
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Figure 3.9: The same partial graph as shown in Figure 3.8, this time with a
multi-path oblivious routing. Physical machines X and Y use two different static
routes to transmit traffic to the sink. The thicker edges (7-8, 8-9, and 9-sink) are
the shared links. The paths for X and Y are shown by light (brown) and dark
(black) closed curves, respectively.
The maximization problem given below (3.9) is a formal representation of the
problem in hand as an integer (0-1) programming. Given an assignment matrix
X, VM requests, topology, PMs, sinks and link related information the challenge
is to fill the entries of the matrix X with 0s and 1s so that it maximizes the
objective function and does not violate any constraint.
Maximize
|M |∑
i=1
|N |∑
j=1
Sat(vmi, pmj).xij (3.9)
Sat(vmi, pmj) =
|S|∑
k=1
vik
djk ×G(pmj, sk, vmi)
Such that
|M |∑
i=1
xij = 1, for all j = 1, ..., |N | (1)
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|N |∑
j=1
xij = 1, for all i = 1, ..., |M | (2)
xij ∈ {0, 1}, for all possible values of i and j (3)
The constraints (1) and (2) ensure that each VM is assigned to exactly one
PM and vice versa. Constraint (3) prohibits partial assignments. As explained
before, function G gives a sense of how congestion will affect the cost between
pmj and sk if vmi is about to be assigned to pmj.
We can represent the assignment problem as a bipartite graph that maps
VMs into PMs. The edges connecting VMs to PMs are associated with weights
which are the satisfaction of each VM when assigned to the corresponding PM.
The weights may change as new VMs are placed in the PMs. It depends on the
capacity of the links and amount of flow that each VM demands. Therefore, the
weights on the mentioned bipartite graph may be dynamic if dynamic costs affect
the decisions. If so, after finalizing an assignment, the weights of other edges may
require alteration. Because congestion is in direct relationship with number of
VMs placed, after any assignment we expect a non-decreasing congestion in the
network. However, the amount of increase can vary by placing a given VM in
different PMs. According to the capacity of the links, we expect to encounter two
situations:
3.4.1 First Case: No congestion
If the capacity of the links are high enough that no congestion happens in
the network, the assignment problem can be considered as a linear assignment
problem which looks like the following integer linear programming problem [54].
Given two sets, A and T (assignees and tasks), of equal size, together with a
weight function C : A × T → R. Find a bijection f : A → T such that the cost
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function
∑
a∈AC(a, f(a)) is minimized:
Minimize
∑
i∈A
∑
j∈T
C(i, j).xij (3.10)
Such that ∑
i∈A
xij = 1, for i ∈ A
∑
j∈T
xij = 1, for j ∈ T
xij ∈ {0, 1}, for all possible values of i and j
In that case, the only factor that affects the satisfaction of a VM is static cost
which is distance. The assignment problem can be easily solved by Hungarian
Algorithm [54] by converting the maximization problem into a minimization
problem and also defining dummy VMs with total sink flow demand of zero if the
number of VMs is less than the number of PMs.
3.4.2 Second Case: Presence of Congestion
In that case, the maximization problem is actually nonlinear, because placing a
VM is dependent on previous placements. From complexity point of view, this
problem is similar to the Quadratic Assignment Problem [36], which is NP-hard.
In Chapter 4, greedy and heuristic-based algorithms have been introduced to
solve the defined problem when dynamic costs such as congestion are taken into
account.
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3.5 Chapter Summary
In this chapter, we represent the problem in hand using a formal description. We
first start by describing the scenario and assumptions that we make. Then, we
define the Satisfaction metric and describe the rationale behind it. After defining
some network related functions such as G function, we provide a mathematical
description of the problem in form of integer programming.
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Chapter 4
Proposed Algorithms
In this chapter, we introduce two different approaches, namely Greedy-based and
Heuristic-based, for solving the problem that is defined in Chapter 3.
4.1 Polynomial Approximation for NP-hard
problem
As explained in Chapter 3, the complexity of the problem in hand in its most
general form is NP-hard. Therefore, there is no possible algorithm constrained
to both polynomial time and space boundaries that yields the best result. So,
there is a trade-off between the optimality of the placement result and time/space
complexity of any proposed algorithm for our problem.
With that in mind, we can think of an algorithm for placement task that
makes sequential assignment decisions that finally lead to an optimal solution (if
we model the solver as a non-deterministic finite state machine). In the scenario
of interest, m virtual machines are required to be assigned to n physical machines.
Since resulted by any assignment decision there is a dynamic cost that will be
applied to a subset of PM-Sink pairs, any decision is capable of affecting the
future assignments. Making the problem even harder is the fact that even future
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assignments if not intelligently chosen, can also disprove the past assignments
optimality.
On that account, given a placement problem X = (M,N, S, T ) in which M
= the set of VM requests, N = the set of available PMs, S = the set of sinks,
T = topology and link information of the underlying DCN, we can define a
solution Ψ for the placement problem X as a sequence of assignment decisions:
Ψ = (δ1, ..., δ|M |). Each δ can be considered as a temporally local decision that
maps one VM to one PM. Let’s assume that the total satisfaction of all the VMs
is denoted by TotSat(Ψ) for a solution Ψ. A solution Ψo is said to be an optimal
solution if and only if @Ψx, such that TotSat(Ψx) > TotSat(Ψo). Note that it may
not be possible to find Ψo in polynomial time and/or space.
Although we don’t expect the outcome (a sequence of assignment decisions)
of any algorithm that works in polynomial time and space to be an optimal
placement, it is still possible to approximate the optimal solution by making the
impact of future assignments less severe by intelligently choosing which VM to
place and where to place it in each step. In other words, given VM-PM pairs as a
bipartite graph Gvp = (M∪N,Evp) (as illustrated in Figure 1.4) in which an edge
connecting VM x to PM y represents the satisfaction of VM x when placed on
PM y, any decision δ depending on the past decisions and the VM to be assigned,
will possibly impact the weights between VM-PM pairs. The impact of δ can be
represented by a matrix such as I(δ) = (i11, ..., i1|N |, ..., i|M ||N |). Each entry ixy
represents the effect of decision δ on the satisfaction of VM x when placed on PM
y. At the time that decision δ is made, if some of the VMs are not assigned yet,
the impact of δ may change their preferences (impact of δ on future decisions).
Likewise, given that before δ, possibly some other decisions such as δ′ have been
already made, the satisfaction of assigned VMs can also change (impact of δ on
past decisions).
Let’s denote a sequence of decisions (δ1, ..., δr) by a partial solution Ψr in which
r < |M |. At any point, given a partial solution Ψr, it is possible to calculate
Sat(Ψr). If we append a new decision δr+1 to the end of the decision sequence
in Ψr, we can advance one step further (Ψr+1) and calculate the satisfaction
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of the new partial solution. If some of the elements in I(δr+1) pertain to the
already assigned VMs, then the satisfaction of these VMs will be affected. On
the other hand, a new decision assigns a new VM to a new PM and the satisfaction
of newly assigned VM must also be considered when calculating the Sat(Ψr+1).
Briefly, if Sat∆(δr+1) denotes the additional satisfaction that decision δr+1 brings,
and similarly SatI(I(δr+1|XGvp)) denotes the amount of loss of total satisfaction
because of decision δr+1 given past assignments of graph Gvp as matrix XGvp ,
then the Relation 4.1 exists:
Sat(Ψr+1) = Sat(Ψr) + Sat∆(δr+1|Ψr)− SatI(I(δr+1)|XGvp) (4.1)
Figure 4.1: An example of sequential decisions.
Figure 4.1 delineates the decision process for a simple placement problem in
which three VMs are supposed to be assigned to three PMs. The tables below each
bipartite graph show the total weight of the edges connecting the VMs to the PMs
(satisfaction of the VMs in other words). At the beginning where assignments
are yet to be decided (Ψ0 = ∅), the potential satisfaction of the VMs are at their
maximum amount (i.e., there is no congestion). Since no decision has been made
in Ψ0, we have: Sat(Ψ0) = 0. To make a transition from Ψ0 to Ψ1, decision δ
chooses VM #1 and assigns it to PM #1. The new table below Ψ1 shows that
the weight between VM #2 and PM #3 is affected ( 2.5→ 2.3) meaning that the
congestion caused by VM #1 will degrade the potential satisfaction of VM #2 if
it is placed on PM #3. In that level, Ψ1 = (δ1) and Sat(Ψ1) = 3 since we have
only one assigned VM whose satisfaction is equal to 3. Decision δ2 assigns VM
#3 into PM #2. This time, the potential satisfaction of VM #2 when placed
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on PM #3 is again declined (2.3→2.1). At that point Sat(Ψ2) = 3 + 1.9 = 4.9.
Finally decision δ3 assigns the only remaining VM-PM pair (#2 to #3). After
the final assignment, the congestion caused by VM #2 affects the satisfaction of
VMs #1 and #3 meaning that the decision δ3 affects the past decisions. In other
words, SatI(δ3|#1→ #1,#3→ #2) 6= 0. Sat(Ψ3) which is the total satisfaction
of final solution Ψ3 can be calculated as follows:
Sat(Ψ3) = Sat(Ψ2) + Sat∆(δ3|Ψ2)− SatI(I(δr+1)|#1→ #1,#3→ #2)
= 4.9 + 2.1− ((3− 2.8) + (1.9− 1.8))
= 6.7
4.2 Greedy Approach
As the name suggests, in Greedy approach we try to approximate the optimal
solution Ψo for a placement problem X by making the best temporally local
decisions expecting that the aggregated satisfaction of the VMs will be near to
the maximum when all of them are assigned.
Each decision δ, assigns one VM to exactly one PM in a greedy manner.
However, there is more to it than this: when making a decision, the selection of
which VM to be assigned is also important. In our greedy approach, we sort the
VMs according to their sink demands and then decisions are made by processing
the sorted sequence of the VMs. Therefore, for any decision δ, selecting the next
VM is straightforward. The sorting can be done according to:
• Total Sink Flow Demand: The VMs are sorted in descending order
according to their total sink flow demands. Then, the VMs with higher
sink flow demands are assigned first starting from the VM with the highest
demand.
• Sink-specific Flow Demand: The VMs are sorted according to their
demands for different sinks: a descending ordered list of VMs according to
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their flow demands are created for every sink. In that case, the assignment
starts by processing one VM at a time from the lists until no unassigned
VM remains.
4.2.1 Intuitions Behind the Approach
The Greedy approach assumes that assigning the VMs with higher demands prior
to the ones with lower demands alleviates the severity of negative effects that
those highly demanding VMs will induce in the potential satisfaction of future
VMs that wait to be assigned. In other words, if we try to assign the VMs with
more intensive bandwidth/flow demand first, they will stay as local as possible
and have a more moderate impact of the dynamic costs between the PMs and
the sinks. Figure 4.2 demonstrates how assignment of a particular VM can affect
the overall congestion and enhance/diminish the performance of other VMs.
1 2 1 2
VS
VMs: Sinks: 1
2
PMs:1
2
1
2
2
1
Figure 4.2: Impact of assignment on the overall congestion.
In the figure, VM #1 has a higher total sink demand and also a tendency to
transmit most of its traffic to sink #1. If we let the decider module assign this
VM first, then the mentioned VM will take the most appropriate PM for itself
according to its demand. Another possibility is to let the VM #2 be assigned
first. In that case, VM #1 will be assigned to a PM which has a higher static
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cost associated with the sinks of its interest. As a result, the overall congestion of
the links will be higher because of less traffic locality. The thicker links represent
a higher congestion. The link embraced by ellipses, might be required by some
other PMs to transmit their traffics to other sinks. Accordingly, a lower overall
congestion in the links can mean a lower dynamic cost for other PM-Sink pairs.
4.2.2 The Algorithm
Algorithm 3 shows the steps that are taken in greedy placement with total sink
demand request sorting approach until all of the VMs are assigned.
Algorithm 3 Greedy Assignment Algorithm. Input: a list of VM requests VMR,
DCN network information including link details, sinks and PMs.
1: X ← the assignment matrix
2: if VMR.length < # of PMs then
3: fill the VMR with dummy VMs
4: end if
5: sort the VMs in VMR according to their total sink demands in descending
order
6: while there is VM left in VMS do
7: v ← VMS.removeHead()
8: p← the PM that offers the highest satisfaction for v
9: Xvp = 1 (update the entry corresponding to v and p in the assignment
table)
10: end while
11: return X
Another version of the greedy approach that sorts the VMs in different lists
is given in Algorithm 4. This algorithm makes as many sorted list of VMs as the
number of sinks. For a sink s, the sorted list corresponding to s contains the VMs
sorted according to their total demand for sink s. Then, the algorithm finds the
list with a head entry that has the highest demand, assigns the VM and removes
it from any list. The idea is supported by the same intuition that is explained
in Subsection 4.2.1 in a more strong way because this time we compare the VMs
competing for common sinks.
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Algorithm 4 Greedy Assignment Algorithm. Input: a list of VM requests VMR,
DCN network information including link details, sinks and PMs.
1: X ← the assignment matrix
2: z ← # of sinks in the DCN
3: r[0..z]← an array of z lists of VMs
4: i← 0
5: if VMR.length < # of PMs then
6: fill the VMR with dummy VMs
7: end if
8: while i ≤ z do
9: r[i]=sorted list [in descending order] of VMs in VMR according to their
demands for sink i
10: end while
11: while there are all-zero rows in X do
12: max ← 0
13: maxIndex← 0
14: for any VM list Li in r do
15: t← Li.getHead()
16: if demand of t for sink i > max then
17: max = demand of t for sink i
18: maxIndex = i
19: end if
20: end for
21: v ← r[maxIndex].removeHead()
22: p← the PM that offers the highest satisfaction for v
23: Xvp = 1 (update the entry corresponding to v and p in the assignment
table)
24: remove v from any list in r
25: end while
26: return X
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4.3 Heuristic-based Approach
The greedy approach can be improved by ensuring that the temporally local
decisions do not degrade the potential satisfaction of the VMs that will be
assigned in future by considering their demand as a whole. In other words, the
greedy approach does not take the demands of the unassigned VMs into account.
Whenever an assignment decision is made, one VM goes to the group of assigned
VMs and the remaining ones can be considered as another group with holistically
defined demands. The core idea in heuristic-based approach is to make decisions
that are best for the VM to be placed and at the same time the best possible for
the remaining VMs. That is, when finding the most appropriate PM for a given
VM, a punishment cost must be associated with any decision that tries to assign
the VM to a PM that will cause congestion in the links connected to a highly
requested sink. We use two different methods to measure the effect of a decision
on the holistic satisfaction of the unassigned VMs:
• Mean value VMs: We can calculate the mean value of the total sink demands
and also sink-based demands and come up with a virtual VM vm that
represents a typical unassigned VM. When making a decision, we can
assume that any remaining PM accommodates a vm and calculate the
effect of assignment on the satisfaction of the virtual VMs. The more the
degradation, the more severe the decision is penalized.
• Greedily assigned unassigned VMs: Another way of letting the unassigned
VMs play their role in assignment decisions is to virtually assign them
with the greedy approach and then try to find the PM that maximizes the
satisfaction of the VM to be placed, by taking into account the punishment
cost that the VM receives for degrading the satisfaction of greedily assigned
unassigned VMs. Intuitively, this approach has a better potential to reach a
more proper placement at the end. However, the complexity of this method
is higher.
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4.3.1 Intuitions Behind the Approach
In many situations especially in data center networks that are based on a general
non-standard topology, the greedy approach can be improved by selecting among
best choices that will affect the future assignments with the least negative impact.
According to Figure 4.3, while two possible assignments maximize the satisfaction
of the VM (shown as a triangle), the unassigned VMs may suffer more if the
assignment decision opts to place the VM as shown in the left part of the figure.
VS
1 2 1 2
VM: Sinks: 1
2
PMs:
Figure 4.3: Impact of an assignment decision on unassigned VMs.
The assignment decision at the left hand side has selected the PM that maximizes
the satisfaction of the given VM using greedy algorithm that is provided in the
previous section. Although it seems like the most suitable PM to choose, it will
affect the potential satisfaction of the VMs that will be placed in the remaining
PMs in following decisions. Therefore, it is a better option to choose a different
PM such that while maximizing the satisfaction of the subject VM, it also imposes
the minimum performance degradation over the remaining VMs.
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4.3.2 The Algorithm
The Algorithm 5 shows the steps taken by heuristic-based approach (with mean
value VMs method) in a more detailed manner. It first starts by sorting the
VMs according to one of the methods described in the greedy approach section.
Afterwards, the VMs are processed one by one until no unassigned VM remains.
Each time the remaining VMs are virtually assigned to the free PMs when
evaluating the desirability of a particular PM for the given subject VM. Virtual
assignment of the VMs can be done using one of the methods that have been
discussed in this section (Mean value VMs or Greedily assigned unassigned VMs).
4.4 Worst Case Complexity
The worst case time complexity analysis of the introduced algorithms are
discussed in this section. Our algorithms include some operations that are
either preprocessing or have a constant time complexity. For example, the
shortest paths between any PM-Sink pair can be found using famous methods
like Floyd-Warshall algorithm which is of Θ(n3) if n is the number of all nodes in
the network graph. Besides, each time that the algorithm attempts to find the
most appropriate PM, it calls the G function as many times as the number of
sinks (which is strictly smaller than n). The G function needs to calculate the
maximum possible flow capacity between two nodes. Even this operation can be
considered of constant time because it examines only a subset of the edges that are
less than a constant (e.g. if the oblivious routing is used, the number of checked
links is less than or equal to the diameter of the network). Accordingly, the time
complexity of the two approaches and their two variants can be formulated as
follows:
• Greedy Algorithm (first variant): If m denotes the number of VMs to be
placed, then processing time for sorting the VMs according to their total
sink demands is O(m logm). The algorithm takes one VM at a time from
the sorted list and finds the most appropriate PM. If the number of the PMs
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Algorithm 5 Heuristic-based Assignment Algorithm. Input: a list of VM
requests VMR, DCN network information including link details, sinks and PMs.
1: X ← the assignment matrix
2: z ← # of sinks in the DCN
3: r[0..z]← an array of z lists of VMs
4: i← 0
5: if VMR.length < # of PMs then
6: fill the VMR with dummy VMs
7: end if
8: while i ≤ z do
9: r[i]=sorted list of VMs in VMR according to their demands for sink i
10: end while
11: while there are all-zero rows in X do
12: max ← 0
13: maxIndex← 0
14: for any VM list Li in r do
15: t← Li.getHead()
16: if demand of t for sink i > max then
17: max = demand of t for sink i
18: maxIndex = i
19: end if
20: end for
21: v ← r[maxIndex].removeHead()
22: vm← a virtual VM that is resulted by taking the mean value of total sink
demands and sink-specific demands of all the remaining VMs
23: virtually place vm copies in all the remaining PMs
24: p← the PM that offers the highest satisfaction for v
25: release the virtually assigned vm(s)
26: Xvp = 1 (update the entry corresponding to v and p in the assignment
table)
27: remove v from any list in r
28: end while
29: return X
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is n, since the number of VMs is less than or equal to the number of PMs,
we can conclude that the asymptotic time complexity of the algorithm is of
O(n2).
• Greedy Algorithm (second variant): If m denotes the number of VMs to
be placed, then processing time for sorting the VMs z times according to
their total sink demands is O(zm logm) where z is the number of sinks.
The rest of the algorithm is the same as the first variant meaning that the
asymptotic time complexity is of O(n2).
• Heuristic-based Algorithm (first variant): If m denotes the number of
VMs to be placed, then processing time for sorting the VMs according
to their total sink demands is O(m logm). The algorithm processes every
VM only once and each time calculates a mean VM that is the average VM
of remaining VM requests. It means that it does O(n) operations each time
it tries to assign a VM. Then, it places each copy of the average VM on the
remaining machines which is of time complexity O(n). Put together, the
asymptotic complexity of this algorithm is O(n2).
• Heuristic-based Algorithm (second variant): If m denotes the number of
VMs to be placed, then processing time for sorting the VMs according to
their total sink demands is O(m logm). The algorithm processes every
VM only once and each time assigns the remaining VMs virtually. The
placement of the remaining VMs is of O(n2) time complexity. Therefore,
the asymptotic time complexity of the algorithm is of O(n4) as it processes
every VM only once, tries to find the most suitable PM for the VM
being processed, while placing the remaining VMs virtually using greedy
algorithm in each trial.
4.5 Chapter Summary
In this chapter, we propose two algorithms (Greedy and Heuristic-based), each
with two variants for solving the problem defined in Chapter 3. We first start by
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defining a general algorithm modeled as a non-deterministic finite state machine
that returns a sequence of assignments that lead to the perfect solution. Then,
we discuss that such an ideal algorithm may not exist but we can propose
approximative approaches. Then, we explain the algorithms and the supporting
intuitions. At the end of the chapter, we provide the worst case complexity
analysis of the proposed algorithms.
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Chapter 5
Simulation Experiments and
Evaluation
We tested the effectiveness of our proposed approaches discussed in Chapter 4
using extensive simulation experiments. In this chapter, we report and discuss
the results of these experiments. To do simulations, we developed a customized
simulator using Java by utilizing the JUNG open source library [55] to model and
analyze graphs. We model the physical DCN infrastructure using graphs.
In the following sections, our Greedy and Heuristic-based assignment
algorithms (their first variant) are compared against random and brute-force
assignments (for small problem sizes). Brut-force assignment enumerates all
possible assignments and selects the best one and as a result, it finds the optimal
solution. It is, however, computationally expensive and is applied only for
small-size networks.
In Sections 5.1, 5.2 and 5.3, we provide a comparison of various assignment
approaches for various problem sizes and topologies, demand distributions, and
algorithm variants used, respectively. In Section 5.4, we show the correlation
between total satisfaction and the overall congestion in the network.
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5.1 Comparison Based on Problem Sizes and
Topologies
In this section, we compare the behavior of the proposed algorithms in different
problem sizes and topologies. To begin with, we test the algorithms on a very
basic and simple data center with tree topology consisting of 25 physical machines
and 5 sinks. The height of the tree is 2 and the links have a capacity of 1 Gbps
as in [51]. While real and modern data centers don not usually use the simple
tree structure, we use this test case as an example only. Figure 5.1 shows the
relative satisfaction of 25 VMs when placed on 25 physical machines using four
different methods. Similarly, the average satisfaction of the VMs are shown
in Figure 5.7a which clearly indicates that among three assignment methods
(random, greedy, and heuristic-based) heuristic-based algorithm yields the closest
result to the most optimal assignment attained by using brute-force method.
Greedy algorithm also yields an approximated optimal assignment though it is
slightly (about 4% in terms of average satisfaction achieved) less optimal than
that of the heuristic-based algorithm.
The other topologies that we test our algorithms on, include VL2 [39] and
non-structured topology. Different problem sizes (200-1000-2000) with various
numbers of sinks (15-10-15, respectively) are used when comparing our methods
in those two topologies. We chose the same links capacities as in [39] (10 Gbps)
for both of the cases. The capacity of the leave links (connecting ToRs to PMs)
are set to 1 Gbps in VL2 test cases. Figures 5.2, 5.3, and 5.4 illustrate the
amount of satisfaction that any given VM experiences using different methods
when placed on physical machines interconnected in a VL2-based infrastructure.
The comparison between the average satisfaction of the VMs is provided in
Figures 5.7b, 5.7c and 5.7d.
We also performed similar experiments by applying our algorithms into two
placement problems in which physical machines are interconnected without a
standard topology. Figures 5.5 and 5.6 demonstrate the experiment results in
a DCN with general topology consisting of 990 and 1985 non-sink with 10 and
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Figure 5.1: A comparison of assignment methods in a data center with tree
topology having 25 normal PMs and 5 Sinks.
15 sink physical machines, respectively. According to the corresponding average
satisfaction bar graph depicted in Figures 5.7e and 5.7f it can be understood that
there is a more significant improvement when heuristic-based algorithm is applied
to a problem whose underlying network topology is of general type (i.e., not Tree
or Fat-tree based topology).
A comparison between the overall average satisfaction of the VMs in two
different topologies with the same number of physical machines and sinks can
also reveal an interesting relationship between the underlying topology and the
amount of average satisfaction achieved. According to Figures 5.7c, 5.7d, 5.7e,
and 5.7f, when the machines are interconnected with a structureless topology,
the VMs will be serviced with a higher satisfaction level. The less amount of
overall satisfaction in DCNs with tree-based topologies can be justified by the
symmetry that exists in such topologies. If a sink is located in one branch of the
tree, the congestion will be inevitable after the PMs in the vicinity of the sink
(in the same branch) are occupied, especially if the remaining VMs still have a
high level of demand for that particular sink. Now, compare to the flexibility
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Figure 5.2: A comparison of assignment methods in a data center with VL2
topology (DA = 4, DI = 10) having 185 normal PMs and 15 Sinks.
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Figure 5.3: A comparison of assignment methods in a data center with VL2
topology (DA = 4, DI = 50) having 990 normal PMs and 10 Sinks.
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Figure 5.4: A comparison of assignment methods in a data center with VL2
topology (DA = 8, DI = 50) having 1985 normal PMs and 15 Sinks.
of VM placement in DCNs with structureless topologies where there are usually
multiple links to the sinks that gives more space for optimization.
5.2 Comparison Based on Demand Distribution
The statistical distribution of the sink demands might affect the behavior of
the assignment approaches used. In this section, we compare the outcomes of
the algorithms in two different situations: 1- VMs with uniformly distributed
total demands between 0.2 and 1 Gbps, 2- VMs with total demands having
normal distribution with µ = 0.6 and σ = 0.1. To that end, we compare the
random, greedy and heuristic-based algorithms when applied to two identical
DCNs (the general topology DCN with 990 PMs and 10 sinks) with the difference
in the distribution of total sink demands in VM requests. Figure 5.8 shows the
differences between the effectiveness of greedy and heuristic-based algorithms in
two different situations. According to that figure, it can be concluded that when
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Figure 5.5: A comparison of assignment methods in a data center with general
topology having 990 normal PMs and 10 Sinks.
the VM demands have a more diverse distribution, it makes more sense to use the
proposed algorithms. In Uniform Distribution case, the chances of having VMs
from a wide spectrum is high, while in Normal Distribution case, the majority
of the VMs have much closer demands. The closeness of the demands makes the
sorting less effective especially in the first variant of the greedy algorithm. As a
result, the mean satisfaction of our placement algorithms can be closer to that of
random placement.
5.3 Comparison Between Variants of Greedy
and Heuristic-based approaches
As discussed in Sections 4.2 and 4.3, there are two variants of each algorithm
that might have considerable excellence over each other given different topologies
and distributions. In this section, we compare the optimality of the assignments
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Figure 5.6: A comparison of assignment methods in a data center with general
topology having 1985 normal PMs and 15 Sinks.
resulted by two different variants of each algorithm. We applied both variants of
the two approaches to the general topology DCN with 1985 non-sink PMs and
15 sink PMs. Figure 5.9 illustrates the effectiveness of the two methods used for
the same DCN with identical VM requests. It can be concluded from the figure
that the second variants of both of the algorithms outperform the first variant to
some extent. However, there is a trade-off between precision and the complexity
of the algorithm.
5.4 Satisfaction vs. Congestion
In our simulation experiments, we also compare the overall congestion against
total satisfaction. As discussed in Section 5.1, we did an experiment with a DCN
whose PMs are interconnected like vertices in a general graph (e.g. consider the
graph shown in Figure 3.5). For the experiment with 1985 non-sink PMs we
compare the results shown in Figure 5.7f with the number of links that are able
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to simultaneously tolerate less than 50% of the traffic demands that are supposed
to be transmitted through them according to the routing algorithm used which
is multi-path oblivious routing in our experiment.
As shown in Figure 5.10, with random assignment deployed, almost 36% of the
links connecting the DCN components to each other will experience a congestion
level such that less than 50% of the flows that are supposed to pass through each
of those links will be transmittable. Now, compare this percentage (36%) to 23%
and 17% that are similar results when greedy and heuristic-based approaches are
deployed, respectively. Based on those results, it can be concluded that when our
algorithms are deployed, the links will be shared with less intense flows compared
to the random assignment.
5.5 Chapter Summary
In this chapter, we compare the effectiveness of our algorithms when applied to
various problems with different sizes, demand distributions, and topologies. The
experiment results support the effectiveness of the algorithms in different cases.
We also compare the two variants of the algorithms against each other. The
correlation between total satisfaction and overall congestion is also put to the
test.
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(a) Tree topology: 25 PMs and 5 sinks.
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(b) VL2 topology: 185 PMs and 15 sinks.
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(c) VL2 topology: 990 PMs and 10 sinks.
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(d) VL2 topology: 1985 PMs and 15 sinks.
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(e) General top.: 990 PMs and 15 sinks.
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Figure 5.7: A comparison between different assignment methods based on average
satisfaction achieved.
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Figure 5.8: Sink demand distribution effect on the effectiveness of the algorithms.
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Figure 5.9: A comparison between the two variants of greedy and heuristic-based
algorithms when applied to the same placement problem.
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Figure 5.10: The relationship between congestion and satisfaction.
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Chapter 6
Conclusion and Future Work
In this thesis, we present greedy and heuristic-based algorithms for assigning a
set of Virtual Machines (VMs) to a set of Physical Machines (PMs) in a specific
scenario of Cloud Computing with the objective of maximizing a metric which is
also defined in this work. In the scenario of interest, VMs are intensively inclined
to exchanging traffic with special fixed nodes (called sinks) in the data center
network while the inter-VM traffic is negligible. Therefore, the ability of the
Infrastructure Provider (IP) to meet the scenario-specific demands of the VMs
in the best possible way, is a decisive factor in the performance of the VMs. We
introduce a metric named satisfaction that reflects the relational suitability of
a PM for any VM assigned to it. Intuitively, this metric is also correlated to
the overall congestion in the entire network. The problem of maximizing the
mentioned metric by trying to find the most appropriate assignment, is similar
to the Quadratic Assignment problem when congestion is taken into account.
Therefore, it is NP-hard and there is no polynomial time algorithm that yields
an optimal solution. With that in mind, we introduce several heuristic-based
off-line algorithms that yield nearly optimal solutions in general case and for
large problem sizes. The placement algorithms assume that the communication
pattern and flow demand profiles of the VMs are given.
We compare the performance of the introduced algorithms by simulation
experiments and according to the results, our algorithms are significantly
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more effective (the difference depends on the network topology, distribution
of demands, etc.) when compared to random assignment. We also, compare
the algorithms by applying them into a variety of problem sizes and observe a
consistency in the good performance of their outcome. Each approach (greedy
and heuristic-based) consists of two variants that are also compared to each other
in our simulations. Moreover, the experiments also reveal that the overall data
center network congestion and total satisfaction are correlated.
Future directions for our work may include studying similar scenarios
with different limitations and assumptions, and applying relevant concepts for
modeling the problem:
• One important limitation is often imposed not only by the network but
also by the sinks especially when they are processing units and physical
machines. In future works, those assumptions can be taken into account
when designing algorithms.
• The algorithms designed for the scenario that we study, assume the availability
of a priori information about the demands of the all VMs which is an
unrealistic assumption in some situations. Therefore, proposing a similar
variant of the algorithms that are designed for on-line purposes can be
another candidate for future work.
• A comparatively novel concept in Game Theory named Graphical Congestion
Games [56, 57] has drawn considerable attention in recent years because
of its ability to model problems that consist of rivaling components that
try to select the best strategy that maximizes their own interests while
having a negative impact on the other components depending on their local
distance. In other words, two components may be using the same resource
while having no effect on each other because of the long distance between
them. Although the concept has been applied to problems such as Wireless
Spectrum Sharing as in [58], it also suits our problem because in our scenario
a decision’s impact is capable of affecting only a subset of the components
(VMs) depending on their location (the PM that they are placed on).
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